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Abstract—Crosstalk is the coupling of energy between
the elements of an ultrasonic transducer array. This cou-
pling degrades the performance of transducers in applica-
tions such as medical imaging and therapeutics. In this pa-
per, we present an experimental demonstration of guided
interface waves in capacitive micromachined ultrasonic
transducers (CMUTs). We compare the experimental re-
sults to finite element calculations using a commercial pack-
age (LS-DYNA) for a 1-D CMUT array operating in the
conventional and collapsed modes. An element in the mid-
dle of the array was excited with a unipolar voltage pulse,
and the displacements were measured using a laser interfer-
ometer along the center line of the array elements immersed
in soybean oil. We repeated the measurements for an iden-
tical CMUT array covered with a 4.5-�m polydimethyl-
siloxane (PDMS) layer. The main crosstalk mechanism is
the dispersive guided modes propagating in the fluid-solid
interface. Although the transmitter element had a center
frequency of 5.8 MHz with a 130% fractional bandwidth in
the conventional operation, the dispersive guided mode was
observed with the maximum amplitude at a frequency of
2.1 MHz, and had a cut-off frequency of 4 MHz. In the col-
lapsed operation, the dispersive guided mode was observed
with the maximum amplitude at a frequency of 4.0 MHz,
and had a cut-off frequency of 10 MHz. Crosstalk level was
lower in the collapsed operation (�39 dB) than in the con-
ventional operation (�24.4 dB). The coverage of the PDMS
did not significantly affect the crosstalk level, but reduced
the phase velocity for both operation modes. Lamb wave
modes, A0 and S0, were also observed with crosstalk levels
of �40 dB and �65 dB, respectively. We observed excellent
agreement between the finite element and the experimental
results.

I. Introduction

Ultrasound transducers in immersion are subject to
the crosstalk between the neighboring array elements.

This crosstalk degrades the transducer performance for
applications such as diagnostic imaging and high inten-
sity focused ultrasound (HIFU) treatment in medicine.
In general, crosstalk increases the effective element aper-
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ture and the ringdown time of a transducer, resulting in a
poor angular response and range resolution [1]. In imag-
ing experiments using capacitive micromachined ultrasonic
transducers (CMUTs), degradation in the axial resolution
and bright patterns in the near field were observed due to
crosstalk [2]. HIFU applications require the precise control
of the focal point for power deposition to the pathological
regions without destroying the surrounding healthy tissues
[3]. However, because of a wider beamwidth and higher
sidelobes, the crosstalk impairs the transducer’s capabil-
ity to focus the ultrasound tightly [4].

Experimental, analytical, and finite element methods
are used to determine the causes and effects of crosstalk
in CMUTs. Common experimental methods are optical
displacement and electrical received signal measurements.
Other methods such as pulse-echo and radiation pattern
measurements are also employed to analyze crosstalk [5].
The spatial resolution of the electrical measurements, un-
like optical measurements, is limited by the width of the
array element. Due to finer spatial resolution in the opti-
cal measurements, the laser interferometry is generally pre-
ferred to investigate the crosstalk. The coupling on CMUT
arrays was investigated in immersion using laser interfer-
ometry [6]; however, the displacement measurements were
not corrected for the acousto-optic interactions between
the laser beam and the pressure field in the fluid. Because
of the acousto-optic interactions, the uncorrected optical
measurements result in the overamplification of the dis-
placement measurements associated with the waves prop-
agating at the speed of sound in the fluid [7]. A method
to account for this effect was presented in [7].

The presence of highly dispersive waves causing
crosstalk in CMUTs was analytically shown in [8]. The
supported modes were also calculated numerically as a
function of the phase relation between neighboring cells
in [9], [10]. Two-dimensional (2-D) CMUT models were
simulated by taking the periodicity of the structure and
the radiation conditions into account [9], and this analy-
sis was extended to 3-D CMUT models [10]. This efficient
computational model combines the finite element and the
boundary element methods to perform the harmonic anal-
ysis of a periodic CMUT structure.

Using a more computation-intensive approach com-
pared to the harmonic analysis, time-domain finite ele-
ment analysis (FEA) of a 2-D CMUT model was performed
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using ANSYS (ANSYS Inc., Canonsburg, PA), and the
crosstalk level between the neighboring elements was de-
termined to be −22 dB in immersion [11]. A 3-D, time-
domain finite element model (FEM) was developed for
CMUT arrays using PZFlex (Weidlinger Associates Inc.,
Los Altos, CA) [12]. The explicit solver used in PZFlex en-
ables the modeling of larger structures. An interface wave,
propagating at a velocity of 1000 m/s, was observed in the
1-D CMUT array simulation [12].

Previously, we investigated the dynamic behavior of
CMUTs in the conventional and collapsed modes of op-
eration by using a time-domain, finite element package
(LS-DYNA, Livermore Software Technology Corporation,
Livermore, CA) [13]. LS-DYNA, based on an explicit
solver, features robust contact capability and electrostatic-
structural coupling via user-defined subroutines [14]. We
verified the FEM results with the interferometer measure-
ments in [13].

In this paper, we analyze the crosstalk performance of
a 1-D CMUT array by comparing the finite element calcu-
lations and the experimental measurements in both con-
ventional and collapsed modes. The FEM is constructed
by taking advantage of the symmetries of the 1-D CMUT
array. As in the experiment, the model of the array is 41
elements long, but infinite in the elevation direction. The
FEM also represents the exact surface topology and ma-
terial composition of the actual array, which was fabri-
cated using the conventional sacrificial release process. We
observed excellent agreement between the FEM and the
experimental results. The crosstalk wave consists of three
distinct components: S0 Lamb wave mode (−65 dB nor-
malized to the maximum transmitter displacement), A0
Lamb wave mode (−40 dB), and the dispersive guided
mode (−24.4 dB). The crosstalk level of the dispersive
guided mode is lower in the collapsed operation (−39 dB)
than in the conventional operation (−24.4 dB). The poly-
dimethylsiloxane (PDMS) coverage is relatively ineffective
in reducing crosstalk.

The organization of this paper is as follows: Section II
briefly describes the 1-D CMUT array used in this study.
The FEM and the LS-DYNA calculations are explained
in Section III. The details of the experimental work using
laser interferometer are given in Section IV. The results
are presented in Section V, and discussed in Section VI.

Compared to the existing FEA in literature, our FEA
is distinguished by having all five main features together:
First, the explicit, time domain solver of LS-DYNA enables
the modeling of the actual CMUT array in detail, i.e., all
41 array elements are modeled. Second, user-defined sub-
routines provide an efficient electrostatic-structural cou-
pling method. Third, the robust contact capability offers
the CMUT modeling in collapsed operation. Fourth, a fast
method to bias the CMUT array in the conventional and
collapsed modes is implemented. Fifth, the FEA results
are verified with interferometer measurements. The main
focus of this paper is to explain the main crosstalk mech-
anism in CMUT arrays and to verify our finite element
calculations by experimental results.

TABLE I
Physical Parameters of the 1-D CMUT Array.

Number of elements 41
Size of an element, µm × µm 250 × 6000
Number of cells in element width 5
Center-to-center cell spacing, µm 40
Membrane radius (rm), µm 18
Membrane wall thickness (tw1), µm 0.6
Oxide wall thickness (tw2), µm 0.4
Electrode radius (re), µm 9
Membrane thickness (tm), µm 0.63
Electrode thickness (te), µm 0.30
Passivation layer thickness (tp), µm 0.45
Gap thickness (tg), µm 0.095
Insulation layer thickness (ti), µm 0.205
Silicon substrate thickness (ts), µm 500

II. 1-D CMUT Array

A 41-element central section of a 64-element 1-D CMUT
array was used in the experiments [Fig. 1(a)]. The center
element was the transmitter, and 20 elements on each side
were used for receive. Each array element was 6 mm long
and 250 µm wide [Fig. 1(b)]. The array elements were com-
posed of circular cells [Fig. 1(c)]. Each array element in-
cluded five cells along the width, and the center-to-center
cell separation was 40 µm [Fig. 1(d)]. The inner and outer
radii of the etch holes were 2 µm and 4 µm, respectively
[Fig. 1(d)]. The physical dimensions of the CMUT array
are given in Table I.

To investigate the effects of a surface coating on
crosstalk, an identical CMUT array was covered with
PDMS (model 1-4105 conformal coating elastomer; Dow
Corning Co., Midland, MI). PDMS is a biocompatible ma-
terial and provides electrical isolation to the active areas
of each element for use of CMUTs in contact with liv-
ing tissue. This particular material was preferred because
of its low viscosity. A 4.5-µm-thick layer was uniformly
formed by spin coating at 3000 rpm. The bond wires were
covered by the UV-cured epoxy (Norland Optical Adhe-
sive 61; Thorlabs Inc., Newton, NJ) to protect them from
detachment due to the centrifugal force during the spin
coating.

We measured the center frequency of CMUT in air to be
10 MHz at 5-V DC bias. CMUT cells initially started col-
lapsing at 30 V, and all the cells were collapsed at 32 V.
A white light 3-D surface profiler (New View 100; Zygo
Corporation, Middlefield, CT) was used to measure the
peak static deflection of 0.024 µm under the atmospheric
pressure of 1 atm. The gap of 0.095 µm was also veri-
fied by measuring the difference between the zero-bias and
collapse-state center deflections.

III. Finite Element Calculations

We modeled the 1-D CMUT array for the finite element
calculations as shown in Fig. 2(a). Because of the symme-
try of the actual 41-element array around the center of
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Fig. 1. 1-D CMUT array: (a) top view of the complete 1-D CMUT array on the PCB; (b) three elements of the 1-D CMUT array; (c) schematic
cross section of a CMUT cell; (d) magnified view of a single 5-cell-wide, 1-D CMUT array element.

the transmitter, only half of the array was included in the
model. The symmetry along the length of each element al-
lowed modeling half of the circular membranes [Fig. 2(b)].
The substrate and epoxy thicknesses were 500 µm and
200 µm, respectively. The soybean oil height was 3000 µm.
The close-ups of an array element and a cell are shown in
Fig. 2(c) and (d), respectively. The dimensions of the cell
in the FEM are the same as the physical dimensions de-
scribed in Table I and Fig. 1(c).

ANSYS/LS-DYNA, a commercially available FEM
package, was used to define the solid geometry, to mesh
the structure, and to generate the final input deck for the
LS-DYNA calculations. We described FEA of CMUTs us-
ing LS-DYNA in our previous publications [13], [15], [16].
Finite element models for the half-element [includes only
the transmitter in Fig. 2(b)] and the 20-element [includes
the transmitter and 20 receiver elements in Fig. 2(b)] are
compared in Table II. The deformed nodal positions under
the bias voltage and the atmospheric pressure (1 atm) were
calculated for the half-element model using the dynamic
relaxation function of LS-DYNA [14]. Then, ANSYS/LS-
DYNA and MATLAB (The MathWorks Inc., MA) were
used to expand the deformed nodal results of the half-
element model to the matching nodal results of the 20-

TABLE II
Finite Element Model Information.

Finite element model Half-element 20-element

Number of elements 45160 1851560
Number of nodes 43567 1729087
Number of lines 5313 212033
Number of areas 4598 186198
Number of volumes 1316 53956

element model. This approach made the biasing of CMUT
array faster because the number of elements in the calcu-
lation was reduced to 2.5% of the 20-element model (Ta-
ble II). Following the biasing of the CMUT array, we per-
formed the dynamic analysis of the 20-element model.

The ground electrode was beneath the insulation layer.
The top electrode was made of aluminum sandwiched be-
tween the silicon nitride membrane and the oxide layer.
The ideal contact elements (no friction, no binding forces)
were defined on the top and bottom surfaces of the vacuum
gap.

We defined electrostatic-structural coupled forces
within the electrodes using the user-defined loading fea-
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Fig. 2. Finite element model (FEM) of the 1-D CMUT array:
(a) schematic description of the complete FEM; (b) top view of
CMUT surface; (c) magnified view of one CMUT array element sur-
face; (d) magnified, perspective view of one CMUT cell.

ture of LS-DYNA [13], [14]. These forces were also verified
for both conventional and collapsed modes of operation us-
ing the coupled-field approach described in [15]. Because
the post-processing of the large model required significant
disk space and computer time, we used the user-defined
material feature of LS-DYNA to write the displacement
and the pressure over the whole array surface directly to a
text file [14]. These data were collected with a time step of
10 ns for a total time of 4 µs. The simulation was performed
using LS-DYNA executable (ver. 970-5434d) on a worksta-
tion (dual-processor 3 GHz Dell Precision 470; Dell Inc.,
Round Rock, TX) with a Linux operating system (GNU).

The material properties used in the LS-DYNA calcula-
tions are given in Table III. The relative dielectric permit-
tivities of the Si3N4 and the vacuum were used to calculate
the electrostatic forces acting on the electrodes due to the
applied voltage. Both soybean oil and PDMS were mod-
eled with fluid-like characteristics, and the attenuation of
the PDMS was taken into consideration. The epoxy under
the silicon substrate had a lower impedance than the sili-
con substrate. No displacement boundary conditions were
specified in the epoxy or the substrate.

We calculated the center frequency of CMUT in air to
be 10 MHz at 5-V DC bias, as observed experimentally.
However, the collapse voltage of CMUT was calculated to
be 85 V in FEA, whereas it was measured to be 32 V
in the experiments. Using the membrane deflection pro-
files of CMUT measured using the white light interferom-
eter, we matched the corresponding experimental and FEA
voltages by matching the deflection profiles. Bias voltages
of 25 V (conventional mode) and 40 V (collapsed mode)
in the experiments were equivalent to 75 V (conventional
mode) and 100 V (collapsed mode) in the FEA, respec-
tively. The collapse voltage difference between the FEM
calculations and the experiments was possibly due to the
charging in the CMUT membrane and insulation layer [17],
which is currently under investigation. The ratio of gap
height (0.095 µm) to the silicon nitride thickness (0.63 µm)
is small enough to cause a large collapse voltage variation
in our CMUT array as a result of this charging. Although
this charging phenomenon shifts the collapse voltage of
the CMUT, it does not significantly affect the crosstalk
characteristics.

IV. Experimental Work

The experimental setup was designed to perform optical
and electrical measurements simultaneously, as described
in [18] (Fig. 3). The optical measurement system was ex-
plained in [13].

The CMUT array was immersed in soybean oil, and
the laser beam was focused on the array surface. Using
a computer-controlled translational stage, the laser beam
was scanned along the reflective metal line in the middle
of the array [Fig. 1(a)]. To account for the acousto-optic
interactions, the pressure integral along the laser path in
oil needs to be known as a function of time [7]. Experimen-



422 ieee transactions on ultrasonics, ferroelectrics, and frequency control, vol. 54, no. 2, february 2007

TABLE III
Material Properties Used in Finite Element Analysis.

Soybean
Si Si3N4 LTO Al Epoxy PDMS oil Vacuum

Young’s modulus (GPa) 169 320 60 67.6 3
Density (kg/m3) 2332 3270 2200 2700 1100 1020 930
Poisson’s ratio 0.290 0.263 0.170 0.355 0.400
Velocity of sound (m/s) 1080 1485
Relative permittivity 5.7 1
Attenuation (dB/cm) 6.5

Fig. 3. Experimental setup used in the optical and electrical mea-
surements.

tally, the acousto-optic correction can be implemented eas-
ily based on the following two assumptions: 1) The optical
data gathered on the posts can be attributed directly to
the pressure integral along the laser path in oil because the
displacement of the posts between the membranes is neg-
ligible compared to the membrane displacement; 2) The
pressure integrals on the CMUT cell and its posts are ap-
proximately equal to each other because the distance be-
tween the CMUT membrane and its posts (20 µm) is only
a fraction of the wavelength (300 µm at 5 MHz). Follow-
ing the correction for the pressure field in oil, the actual
membrane displacements are obtained by using the refrac-

tive index of soybean oil (noil = 1.47) in the optical path
calculation.

The optical displacement waveform, corrected for the
acousto-optic effect, showed good agreement with the elec-
trical received signal in [18], confirming the validity of op-
tical measurements. Because the spatial resolution of the
electrical measurements was limited by the array width of
250 µm, we present only the optical measurements with
the spatial resolution of 5 µm, determined by the laser
spot diameter (Fig. 3).

The CMUT array was biased in the conventional and
collapsed modes of operation. A 20-ns, +10-V unipolar
pulse was applied to the transmitter element. The pulse
amplitude and duration were selected such that the trans-
mitter element did not accidentally operate in the collapse-
snapback mode described in [19]. The interferometer out-
put signal was collected with a time step of 4 ns for a total
time of 4 µs.

V. Results

A. Conventional Mode of Operation

In the FEM displacement results presented in the time-
spatial domain [Fig. 4(a)], three components of crosstalk
propagating with different phase velocities and signal
strengths are observed. The fastest crosstalk component
is the weakest, with −65 dB displacement amplitude rela-
tive to the transmitter. A slightly slower component is ob-
served at −40 dB level, and the slowest component is the
strongest, at −24.4 dB. One should also note that the pres-
sure data presented in Fig. 4(b) do not show any discon-
tinuities, as observed in the corresponding displacement
data [Fig. 4(b)].

Although the time-spatial domain representation pro-
vides insight about the nature of crosstalk, the identi-
fication of different wave types is difficult in this ap-
proach. Therefore, a transformation into the frequency-
wavenumber domain is required to analyze propagating
multi-mode signals [20].

The FEM and experimental displacement results are
compared in the frequency-wavenumber domain, as de-
picted in Fig. 4(c) and (d), respectively. A dispersive
guided mode is observed with the maximum amplitude
at a frequency of 2.1 MHz, and has a cut-off frequency of
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(a) (b)

(c) (d)

(e) (f)

Fig. 4. Crosstalk waves of 1-D CMUT array in the conventional mode of operation: (a) FEM displacement results in the time-spatial domain;
(b) FEM pressure results in the time-spatial domain; (c) FEM displacement results in the frequency-wavenumber domain; (d) experimental
displacement results in the frequency-wavenumber domain; (e) FEM displacement results for the PDMS-covered CMUT array in the
frequency-wavenumber domain; (f) experimental displacement results for the PDMS-covered CMUT array in the frequency-wavenumber
domain.
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4 MHz. The multiples of the guided mode are separated by
4 mm−1, which corresponds to the array pitch of 250 µm.
These multiples do not represent any physical wave. Al-
though a weak wave in the vicinity of the dispersive guided
mode at a velocity of 620 m/s is observed in the experi-
ments, it does not appear in the FEM results. Therefore,
this experimental result is an artifact. In both FEM and
experimental results, Lamb wave modes (A0 and S0) are
also observed, and are coincident with the theoretically
calculated curves for a 500-µm substrate [Fig. 4(d)] [21].
The FEM and experimental displacement results for the
1-D CMUT array, covered with PDMS, are compared in
Fig. 4(e) and (f), respectively. The PDMS coverage does
not significantly affect the results presented in Fig. 4(c)
and (d) for the CMUT array without PDMS.

B. Collapsed Mode of Operation

The FEM calculations and the experimental measure-
ments were repeated for the collapsed mode of operation.
Compared to that in the conventional mode, the crosstalk
amplitude of the dispersive guided mode (both displace-
ment and pressure) was smaller in the collapsed mode
[Fig. 5(a) and (b)].

The FEM and experimental displacement results
are compared in the frequency-wavenumber domain in
Fig. 5(c) and (d), respectively. The dispersive guided mode
has the maximum amplitude at a frequency of 4.0 MHz,
and has a cut-off frequency of 10 MHz. Because the
crosstalk level associated with the dispersive guided mode
is approximately 14.6 dB less in the collapsed operation,
Lamb wave modes (A0 and S0) appear to be stronger in
this case [Fig. 5(c)]. The FEM and experimental displace-
ment results for the 1-D CMUT array, covered with the
PDMS, are also presented for comparison in Fig. 5(e) and
(f). Although the PDMS coverage reduces the crosstalk
level by 4.3 dB in the experiments, no change is observed
in the FEM results.

C. Crosstalk Comparison

To analyze the displacement frequency response of the
transmitter and its neighbor (Element 1), the displace-
ment was averaged over these elements. In the conven-
tional mode, the resulting FEM and experimental fre-
quency spectra show good agreement, as shown in Fig. 6(a)
and (b). The crosstalk displacement on Element 1 had
a normalized peak value of approximately −10 dB at
2.1 MHz and a dip at 4.0 MHz. The corresponding pressure
frequency response for the excited element had a center
frequency of 5.8 MHz with a 130% fractional bandwidth
in the conventional operation. In the collapsed mode, the
crosstalk displacement on Element 1 had a peak value
of approximately −22 dB at multiple frequencies around
3.5 MHz and 8.5 MHz [Fig. 6(a)]. A dip at 5.8 MHz was
observed between these peaks. This dip is not observed in
experiments because of limited accuracy in optical meth-
ods. The corresponding pressure frequency response for

the excited element had a center frequency of 12.4 MHz
with a 90% fractional bandwidth.

Using the average displacement data, we calculated the
relative crosstalk level for all elements in the array. The
crosstalk amplitude on Element 1 was −17 dB in the con-
ventional mode without the PDMS coverage for both FEM
and experimental results, as shown in Fig. 7(a) and (b), re-
spectively. This amplitude decreased almost linearly with
the distance from the transmitter element. The crosstalk
amplitude on Element 18 was −32 dB and −30 dB for the
FEM and the experiment, respectively. The crosstalk level
averaged over the neighboring elements in Fig. 7(a) was
−24.4 dB and −23.2 dB for the FEM and experiment, re-
spectively. The PDMS coverage did not significantly affect
the crosstalk level. Compared to the conventional mode,
the collapsed mode had the crosstalk level of −28 dB on
Element 1 and −39 dB on average for all of the neighbor-
ing elements in Fig. 7(a). This FEM result corresponded
to 14.6 dB better crosstalk level in collapsed mode. The
crosstalk level of −21 dB on Element 1 and −34.4 dB on
average for the neighboring elements was obtained for the
experiment [Fig. 7(b)]. The average crosstalk level with the
PDMS coverage was −39 dB and −38.7 dB for the FEM
and the experiment, respectively [Fig. 7(b)].

We extracted the dispersion relation of the guided in-
terface mode from the frequency-wavenumber representa-
tions. At lower frequencies, the phase velocity approached
the velocity of sound in the fluid (1485 m/s) [Fig. 8(a)
and (b)] in all cases. The phase velocity monotonically
decreased with increasing frequencies up to the cut-off fre-
quency, above which the propagation of this mode is not
supported. The cut-off frequency for the collapsed opera-
tion (10 MHz) was higher than the cut-off frequency for
the conventional operation (4 MHz). The coverage of the
PDMS reduced the phase velocity for the conventional and
the collapsed operations in both FEM and experimental
results.

VI. Discussion

The crosstalk in the 1-D CMUT array was investigated
using laser interferometry and LS-DYNA simulations. Al-
though both the displacement and pressure were avail-
able from the FEM calculations, only displacement mea-
surements were possible using an interferometer. To com-
pare the FEM and the experimental results side by side,
we chose to use the displacement results for frequency-
wavenumber domain representations. The multiples of the
dispersive guided mode, corresponding to 250-µm separa-
tion, were observed in the spectra. The periodic array ele-
ments were composed of the vibrating membrane surfaces
(5 circular cells, each 40 µm in diameter) and the sub-
strate surfaces (50 µm) between the neighboring elements.
The presence of the almost stationary substrate surface
between the array elements resulted in the generation of
the multiples. Because of the linear interpolation scheme
between the data points, the presence of the multiples for
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(a) (b)

(c) (d)

(e) (f)

Fig. 5. Crosstalk waves of 1-D CMUT array in the collapsed mode of operation: (a) FEM displacement results in the time-spatial domain;
(b) FEM pressure results in the time-spatial domain; (c) FEM displacement results in the frequency-wavenumber domain; (d) experimental
displacement results in the frequency-wavenumber domain; (e) FEM displacement results for the PDMS-covered CMUT array in the
frequency-wavenumber domain; (f) experimental displacement results for the PDMS-covered CMUT array in the frequency-wavenumber
domain.
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(a) (b)

(c) (d)

Fig. 6. Spectra of excited element and element 1: (a) FEM spectra in the conventional mode of operation; (b) experimental spectra in the
conventional mode of operation; (c) FEM spectra in the collapsed mode of operation; (d) experimental spectra in the collapsed mode of
operation.

(a) (b)

Fig. 7. Crosstalk-normalized amplitudes of array elements in the conventional and collapsed modes of operation: (a) FEM results; (b) ex-
perimental results.
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(a) (b)

Fig. 8. Phase velocity of dispersive guided mode in the conventional and collapsed modes of operation: (a) FEM results; (b) experimental
results.

5-µm spatial resolution in the experiment was not observed
for the data with 40-µm spatial resolution in [18].

The Lamb wave modes (A0 and S0) in the frequency-
wavenumber domain have higher signal strength in the
FEM than in the experimental results. This discrepancy
is related to the acousto-optic correction implemented
for the experimental results. In our acousto-optic correc-
tion, we assume that the optical measurements on the
posts (the separation region) of the membranes are en-
tirely due to the pressure field in the oil. In reality, the
Lamb wave modes also contribute to the actual displace-
ments of the posts. Because of the presence of Lamb
waves, the correction reduces their relative signal strength
in the frequency-wavenumber domain. Another acousto-
optic correction method, described in [7], does not cause
the problem of reduction in the Lamb waves. However, this
method completely removes all of the waves propagating at
the phase velocity of the sound in the oil (1485 m/s), and
generates a strong artificial wave propagating at approxi-
mately 1880 m/s for soybean oil. Our correction method
describes the guided modes without introducing these ar-
tifacts at a cost of reduced Lamb waves.

Although the PDMS coverage does not make significant
change in the calculated and measured crosstalk levels in
conventional operation, the crosstalk level in the collapsed
operation is reduced from −34.4 dB to −38.7 dB in exper-
iments, and is −39 dB in calculations [Fig. 7(a) and (b)].
In the model, the frequency-independent attenuation of
6.5 dB/cm was used for PDMS. However, the attenuation
of PDMS is a function of frequency, and proportional to
f1.4 [22]. In the collapsed operation, the frequency of oper-
ation is approximately doubled, and causes higher atten-
uation. In future work, frequency-dependent attenuation
will be used for PDMS.

The excited element had a center frequency of 5.8 MHz
with a 130% fractional bandwidth in the conventional op-
eration. However, the neighboring element (Element 1)
was narrow band in nature, and had a center frequency of
2.1 MHz. The discrepancy between the center frequency of

transmission and reception was due to the different phase
relation in each case. During transmission, five cells of the
excited element were all pulsed in phase. In-phase excita-
tion caused higher center frequency and higher fractional
bandwidth for the element than the frequency and band-
width of each individual cell. The cells of the neighboring
element picked up the crosstalk waves sequentially along
the interface during reception. Therefore, the phase delay
between the cells in reception resulted in a lower center fre-
quency (2.1 MHz) during reception, compared to a higher
center frequency (5.8 MHz) during in-phase transmission.
An important advantage of the collapsed mode over the
conventional mode was the lower crosstalk level. Increase
of the cut-off frequency from 4 MHz in the conventional
mode to 10 MHz in the collapsed mode was a result of the
higher membrane resonance in collapse. The center fre-
quencies are also higher in the collapsed operation, and
result in higher phase delay between the cells and lower
crosstalk levels.

In the conventional mode, the 3-dB bandwidth in trans-
mission extends from 2 MHz to 9.6 MHz. The guided mode
has the peak at 2.1 MHz, and this frequency can be lowered
by reducing the phase delay between the neighboring cells
[10]. The guided mode disappears close to 4 MHz, corre-
sponding to the membrane resonance in immersion. There-
fore, a frequency band (4–9.6 MHz) is available for trans-
mission without the effects of guided interface modes. In
this case, the crosstalk level will be approximately −40 dB
due to the A0 lamb wave mode, which corresponds to
more than a 15-dB improvement. A frequency band (10–
18 MHz) without the presence of the guided modes is also
observed in the collapsed mode.

The stiffness and density of the membrane affect the
phase velocity of the guided mode [8]. The arrangement
of the membranes within the array element influences the
preferred frequency of the guided mode as a result of the
phase delay between the adjacent cells [10]. Due to the fre-
quency dependence of the guided modes, a CMUT array
that has crosstalk outside the bandwidth of the transducer
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can be designed for exceptional crosstalk performance us-
ing flexible parameters, e.g., the dimensions of the mem-
brane, the gap, and the insulation layer.

VII. Conclusion

We investigated the crosstalk in the 1-D CMUT array
by laser interferometry and LS-DYNA calculations. Both
the theoretical calculations and the experimental measure-
ments agreed that the dispersive guided modes, supported
by the membrane resonance, played the most important
role in the crosstalk between the neighboring elements.
The crosstalk amplitude on the first neighboring element
was −17 dB, in good agreement with [6] and [11]. Com-
pared to the conventional operation (−24.4 dB), the col-
lapsed operation of CMUT resulted in a 14.6-dB better
crosstalk level (−39 dB). The cut-off frequency for the
collapsed operation (10 MHz) was higher than the cut-
off frequency for the conventional operation (4 MHz). Due
to the dispersion, the phase velocity of the guided mode,
approaching the speed of sound in the fluid (1485 m/s) at
lower frequencies, decreased monotonically with increasing
frequency and disappeared above the cut-off frequency for
both conventional and collapsed operations. The coverage
of the PDMS reduced the phase velocity for the conven-
tional and the collapsed operations, but did not signifi-
cantly affect the crosstalk amplitude.

LS-DYNA can be used to accurately model the crosstalk
in CMUT arrays under specific voltage bias and excitation
conditions. Such a modeling is well worth the effort for
special-purpose CMUT arrays for ultrasound applications
such as medical imaging and HIFU treatment. Our verified
LS-DYNA model will be used to investigate the methods
of crosstalk reduction in future work.
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